SIRT1 is an NAD
Introduction
SIRT1 is a mammalian homolog of the yeast NAD ϩ -dependent protein deacetylase Sir2, and both genes have been implicated in gene silencing, heterochromatin formation, cell survival, metabolism, and development. [1] [2] [3] Even though SIRT1 and its orthologs have been proposed to serve as key mediators of health benefits and lifespan extension conferred by calorie restriction, 4-10 direct evaluation of the role of SIRT1 in aging of mammals has been complicated by high perinatal mortality of SIRT1 knockout mice. In all strains, SIRT1 deficiency led to several developmental defects and severely reduced body size, with only a fraction of mice surviving to weaning. [11] [12] [13] [14] We hypothesized that the increased mortality of SIRT1 Ϫ/Ϫ mice could be at least partially attributed to failure of hematopoiesis, and suspected that SIRT1 could be involved in controlling hematopoietic stem cell (HSC) self-renewal properties, stress responses, and aging. Furthermore, our group is developing antilymphoma agents based on SIRT1 inhibition, 15 and we wondered whether SIRT1 down-regulation might adversely affect the HSC pool. Consistent with these concerns, a recent study showed that SIRT1 deficiency leads to impaired mouse embryonic stem cell (mESC) differentiation into hematopoietic progeny in vitro, indicating a possible role for SIRT1 in the development of primitive hematopoiesis in mouse embryos. 16 Several SIRT1 knockout models have been established using different targeting strategies in various genetic backgrounds, with the common feature of almost universal embryonic or perinatal mortality in the inbred 129SV background but a significant fraction of mice surviving to adulthood in other genetic backgrounds. [11] [12] [13] [14] Specifically, the deletion of SIRT1 exon 4 in the C57BL/6 background allowed some of the mice to survive to weaning while conferring the same gross phenotype of SIRT1 deletion. 14 In the present study, we used the latter model to generate a large cohort of adult mice to study hematopoietic functions of SIRT1 in vivo, and show that frequencies and functional properties of SIRT1 Ϫ/Ϫ HSCs are comparable to those of their wild-type littermate controls.
Methods

SIRT1 ؊/؊ mice
Mice carrying a deletion of exon 4 have been described previously. 14 Briefly, a targeting construct for generating the conditional SIRT1 allele was electroporated into (129 ϫ 1/SvJ ϫ 129S1/Sv) F1-derived R1 mESCs, which were injected into C57BL/6 blastocysts. The chimeras were bred with C57BL/6 mice and the resulting heterozygotes crossed with CMVCre ϩ C57BL/6 mice to generate mice with constitutive deletion of SIRT1, which were crossed again with C57BL/6 and subsequently interbred to generate homozygous SIRT1 Ϫ/Ϫ and littermate control mice. All mouse experiments were conducted according to Fred Hutchinson Cancer Research Center Institutional Animal Care and Use Committee-approved protocols.
Immunophenotyping BM, thymus, and spleen cells were obtained as single-cell suspensions and stained with the appropriate Abs in 1:100 dilutions. A full list of Abs used (BD Biosciences) is available on request. Immunophenotypes were analyzed using an LSR flow cytometer (BD Biosciences) and a Vantage Cell Sorter (BD Biosciences), as described previously. [17] [18] [19] Transplantation experiments BM cells were collected from CD45.2 ϩ SIRT1 Ϫ/Ϫ mice and their littermate controls and injected into lethally irradiated (900-1000 cGy) CD45. The publication costs of this article were defrayed in part by page charge payment. Therefore, and solely to indicate this fact, this article is hereby marked ''advertisement'' in accordance with 18 USC section 1734.
recipients via the tail vein. FACS analysis of the peripheral blood was performed at 4-week intervals after BM transplantation.
Results and Discussion
We reported previously that mice carrying a homozygous deletion of SIRT1 exon 4 were small at birth and exhibited the hallmarks of SIRT1 deficiency, with only a third of them surviving to weaning. 14 We observed that the increased mortality, which we were not able to attribute to a single gross defect, continued until the age of 7 months, after which time survival became similar to their wild-type littermate controls ( Figure 1A ). This observation suggests that SIRT1 may play a more important role during early development and growth than it does later in life.
To determine whether lack of SIRT1 causes overt hematologic alterations, complete blood counts were analyzed for young, middle-aged, and old SIRT1 Ϫ/Ϫ mice and their controls. In addition to markedly decreased hematocrit in the old group, which is consistent with a study showing SIRT1 knockouts to be anemic due to decreased erythropoietin production in the liver and kidneys, 20 middle-aged and old SIRT1 Ϫ/Ϫ mice exhibited significant leukocytosis ( Figure 1B ). Lymphocytosis and neutrophilia in SIRT1-deficient mice might reflect the perturbation of physiologic diurnal fluctuations in leukocyte counts, 21, 22 which is consistent with the proposed role of SIRT1 in the regulation of circadian rhythms, 23, 24 as well as possible dysregulation of cellular NAD ϩ supplies, which have been implicated directly in myeloid differentiation. 25 The young group, which exhibited markedly increased mortality, did not demonstrate any deficiencies in mature cell production, making hematopoietic failure an unlikely cause of premature death in this age group. We also examined RBC and WBC precursors in the BM, spleen, and thymus and, apart from increased myeloid precursor counts in the BM corresponding to neutrophilia in the peripheral blood, found no significant differences between SIRT1 Ϫ/Ϫ mice and their controls (supplemental Figure 1 , available on the Blood Web site; see the Supplemental Materials link at the top of the online article).
We also examined the numbers of most primitive HSCs within the BM of SIRT1 Ϫ/Ϫ mice. These cells can be immunophenotypically profiled by low expression of lineage markers, high expression of Sca-1 and Kit surface molecules (LSK cells), 17 presence of the SLAM molecule CD150, 18 and a specific Hoechst 33342 staining pattern (side population, SP) 19 as LSK SLAM, LSK SLAM SP, and LSK SLAM SP low populations ( Figure 1C ). As indicated in Figure 1D , we found no significant differences in sizes of these populations nor in overall BM cellularities between SIRT1 Ϫ/Ϫ mice and their littermate controls regardless of the age group analyzed.
To determine how SIRT1 Ϫ/Ϫ HSCs function in a stressful environment, we conducted competitive repopulation assays using 2-, 6-, and 16-month-old mice as donors. We transplanted 2 ϫ 10 5 CD45.2 ϩ SIRT1 Ϫ/Ϫ or wild-type control BM cells together with 1 ϫ 10 5 CD45.1 ϩ rescue BM cells into lethally irradiated CD45.1 ϩ mice and determined the fraction of CD45.2 ϩ WBCs in the recipients' blood at 4, 8, and 16 weeks after transplantation. SIRT1 Ϫ/Ϫ HSCs showed no disadvantage in the competitive transplantation experiment, with frequencies of donor cells comparable to wild-type controls after 4 and 8 weeks, showing normal short-term reconstitution, and 16 weeks, which is the time required for transplanted pluripotent HSCs to start participating in mature blood cell production (Figure 2A-B) .
We next performed a serial transplantation assay using donors older than 18 months to examine the effects of SIRT1 deletion on aging of HSCs and their ability to confer stable hematopoiesis over 3 subsequent transplantations. Four months after we transplanted 2 ϫ 10 6 CD45.2 ϩ whole BM cells without any competitors into CD45.1 ϩ lethally irradiated recipients, the recipients' BMs were harvested and repetitively transplanted into new CD45.1 ϩ lethally irradiated recipients (secondary and tertiary transplantations, Figure 2C ). Recipients transplanted with BM from SIRT1 Ϫ/Ϫ and SIRT1 ϩ/ϩ mice showed equal survival and equal degrees of donor-derived WBC reconstitution 4 months after each transplantation ( Figure 2C-D) , indicating that SIRT1-deficient HSCs do have a functional potential comparable to those of the wild-type controls. We also examined the frequencies of donor HSCs in recipient mice after harvesting their BM for subsequent transplantation, and saw no differences between the 2 groups (supplemental Figure 2) .
In summary, our findings demonstrate that SIRT1 does not have an essential role in the maintenance of the HSC compartment in the adult mice. Evidence from a different mouse model indicated previously that, based on inadequate differentiation of SIRT1 Ϫ/Ϫ mESCs into erythroid progenitors in vitro and the decreased numbers of progenitors under hypoxia ex vivo, SIRT1 plays a role in the establishment of primitive hematopoiesis during embryonic development, raising concern that hematopoiesis could also be affected in the adult, probably to lesser extent, by SIRT1 deletion. 16 In the present study, we used a SIRT1 knockout model in a more survival-permissive genetic background and showed that, whereas these mice exhibited all of the stigmata of SIRT1 deletion, they did not exhibit any phenotypical or functional abnormalities in their HSC compartment. These results contradict the hypothesis that SIRT1 deletion confers an adverse effect on the adult HSC pool and, of particular interest to us, possible mechanism-based HSC toxicity associated with future pharmacologic inhibition of SIRT1 in adult humans. For personal use only. on July 14, 2017. by guest www.bloodjournal.org From
